of transformation-induced plasticity. This theoretical study demonstrates that chemical short-range order is thermodynamically favored in HEAs and can be tuned to affect the mechanical behavior of these alloys. It thus addresses the pressing need to establish robust processing-structure-property relationships to guide the science-based design of new HEAs with targeted mechanical behavior.
High-entropy alloys (HEAs), also referred to as multi-principal element alloys, have emerged as an exciting new class of metallic structural materials. These alloys are, in principle, single-phase crystalline solid solutions comprising multiple elements, typically in equal molar ratios (1) (2) (3) (4) (5) . The original rationale guiding the discovery of HEAs was that the configurational entropy contribution to the total free energy in multi-component concentrated alloys can stabilize the solid-solution state relative to a multi-phase microstructure composed of chemically-ordered intermetallic phases (1, 2) . Currently, HEAs are attracting extensive research interest because some of these systems, in particular those based on the fcc CrCoNi system, have been found to display excellent mechanical properties, including very high fracture toughness and high strength (6, 7) . The five-element (socalled Cantor) HEA, CrMnFeCoNi, was the first to be shown to exhibit exceptional damage tolerance, which can be further enhanced at cryogenic temperatures (6) . Additionally, the equiatomic, three-element (medium-entropy) CrCoNi alloy has been observed to display even better properties; at 77 K, this alloy displays tensile strengths of 1.4 GPa, tensile ductilities of ~90%, and fracture toughness values of 275 MPa√m, approaching the best damage-tolerance on record (7) . A synergy of deformation mechanisms appears to be the basis of the exceptional mechanical behavior of these alloys (8) (9) (10) (11) (12) (13) . For instance, in the stronger medium-entropy CrCoNi alloy, nanotwinning occurs at room temperature and leads to the formation of a hierarchical twin network, where the twin boundaries act as barriers to dislocation motion, providing for strength, whereas both full and partial dislocations can move rapidly along the boundaries themselves for ductility (11) . Additionally, a lamellar hcp phase has been reported to form in this alloy at higher strain levels (13) .
Such unique mechanical behavior for the CrCoNi and CrMnFeCoNi alloys appears to be associated with their low stacking fault energies (SFE), as the SFE is one of the most significant parameters influencing plastic deformation, dislocation mobility, deformation twinning as well as occurrence of phase transformations in conventional crystalline alloys (14) (15) (16) (18) , which are apparently at odds with the measured finite dislocation dissociation widths. Given the importance of the SFE in governing the nanoscale mechanisms active during plastic deformation, this discrepancy between measurement and computation clearly warrants further investigation.
The unique properties of HEAs mainly originate from their multi-components and special chemical structure, compared to conventional crystalline alloys. In HEAs, the atomic structure is characterized by an underlying crystal lattice (e.g., fcc, bcc or hcp), but with atoms of different elements occupying the sites of the lattice in a non-periodic manner. As illustrated schematically in Fig. 1 , on one hand, the distribution of heterogeneous local environments in HEAs should be broader than that of conventional crystalline alloys that display a well-defined "host" lattice set by the majority chemical species (solvent) with discrete defects associated with the (solute) alloying additions; on the other hand, the local environment of HEAs also differ from that in metallic glasses, which display amorphous structures with varying degrees of short-to-medium-range structural and chemical order, as illustrated by the even wider and continuous distribution (19) .
In the simplest description, the local chemical environments of HEAs can be considered as representing a random distribution of different atomic species over crystal lattice sites, i.e., the maximum configurational entropy state (1). However, as has been discussed in the literature (20) (21) (22) (23) Schematic illustration contrasting the distribution of local order (both structural and chemical) in HEAs, as compared with two other alloy systems, specifically metallic glasses and conventional polycrystalline alloys. The two crystal systems both have bifurcated local environments composed of a near-perfect lattice (well-defined spikes), plus discrete defects such as dislocations and vacancies (small peaks), but the distribution for HEAs is much boarder due to their disordered chemical structure. In contrast, the structure of metallic glasses features varying degrees of short-to-medium-range icosahedral order that is reflected in their wide and continuous distribution (19) .
Results

Local chemical order in CrCoNi solid-solution alloys
For the purpose of examining computationally the effect of local chemical order on the stacking A large number of independent samples was used to improve sampling accuracy, and to provide a sufficient number of independent stacking fault planes to achieve converged average values of the SFE, as described below. For each sample, MC simulations were run for a total of 3,600 steps, representing 20 swap trials per atom.
Based on these calculations, the most significant trends in the potential energy change during the simulation are shown in Fig ; this resulted in a stacking sequence:
ABCABC|BCABCA. Further shifting of the fault leads to the ESF, as shown in Fig. 3C (25) that were also calculated using supercell methods. We view these differences with our present value of -42.9 mJ.m -2 as reflecting the need, as illustrated in Fig. 3E , for a large number of samples to achieve wellconverged averaged results (only limited configurations were considered in refs. [11, 17, 25] 
Stacking fault energy strongly correlates with local chemical order
The inset in Fig. 3 shows a wide range of calculated isf γ values for random CrCoNi solid solutions, which is in contrast to a single value for a pure or perfectly-ordered crystalline alloy. A similar broad distribution can also be observed for CrCoNi alloys with chemical SRO (Fig. 4A ).
As plotted in are substantial for a crystalline metal or alloy and would be expected to significantly impact mechanical deformation mechanisms, as described in the Discussion section below.
It is also worth noting that the experimental measured isf γ is 22±4 mJ.m -2 at 300 K, which already falls within the range explored by our DFT calculation at 0 K in Fig. 4B . In comparing our zero-temperature calculated values with experiment measurements at room temperature, it is important to note that the vibrational contributions to the stacking-fault free energies need to be considered at finite temperature (18, 28 
Occurrence of fcc versus hcp phase in CrCoNi solid-solution alloys
Understanding the competition of fcc and hcp phases is critical for CrCoNi solid-solution alloys.
Firstly, it is expected that the SFE in fcc crystal correlates with the value of (11, 13, 18) . Moreover, at large strain levels of deformation in CrCoNi alloys, a new phase with hcp lamellae has been reported to appear within the matrix of the fcc phase (13). This could be suggestive of a transformation-induced plasticity effect that would be expected to occur if the hcp structure has a lower energy than that of the fcc phase, which then would be considered to be metastable. More recently, Niu et al. revealed the magnetic contribution to the relative phase stability and unique dislocation mechanisms for fcc to hcp phase transformation, by using DFT calculations (18) . In light of these considerations, it is very important to investigate the effects of local chemical order on the hcp-fcc energy difference ( Strong variations in these defect energies will likely affect not only strength, ductility and toughness, but also resistance to high-temperature creep and even irradiation damage (36) (37) (38) .
Future research on structure-property relationships in these alloys should thus include consideration of the effects of local chemical order, to understand the degree to which chemical SRO can be used as an independent structural variable to guide alloy design and optimization. Our results thus highlight the possibility of "tuning order in disorder" to ultimately achieve the sciencebased design and optimization of new HEA systems with specifically desired combinations of macroscale mechanical properties. 
Methods
DFT-based
where k denotes kth nearest-neighbor shells, [15, 50, 51] , although their SFEs are invariably always positive. Theoretically, lowering the SFE in fcc alloys makes it easier for perfect dislocations to be dissociated into two Shockley partials with a wide stacking fault ribbon [52] .
This process reduces the ability of the screw components of dislocation to cross-slip onto other slip planes, thus restricting dislocation slip to a planer mode [52] . Cell-like dislocation configurations are formed as a consequence of wavy slip in high SFE metals, whereas planar arrays (or coplanar) dislocation groups and wide stacking faults are often observed in low SFE metals [47] .
A low intrinsic and extrinsic SFE in an alloy promotes the formation of twins, which is consistent with observations of extensive deformation nanotwin networks in CrCoNi solidsolution alloys [11] ; as the formation of such twins is a locally stress-controlled process, deformation twinning is often favored at cryogenic temperatures. The preference for twinning over dislocation slip in low SFE metals is rooted in the physical process of twinning. The nucleation and growth of twins are associated with lattice shearing through successive glide of Shockley partial dislocations on consecutive close-packed atomic planes in fcc metals [53, 54] . A low SFE sets a lower energy barrier for glide of twinning partials, thus leading to a lower twinning stress.
Indeed, the enhanced formation of deformation nanotwinning in the equiatomic CrCoNi alloy has been associated with its exceptional damage-tolerant behavior [11] . Twin boundaries impose effective barriers to dislocation motion, leading to a "dynamic Hall-Petch" effect [15, 51] . It is also important to note that strengthening by twin boundaries does not cause the loss of material ductility, while coherent twin boundaries have a unique character that allows for the glide of impinging dislocation along their interfaces [11, 50, 55, 56] . Therefore, besides the shearing induced by twinning itself, the incorporation of incident dislocations on twin boundaries provides a mechanism for additional plasticity.
Lastly, the low SFE, which correlates with a low value of Δ →ℎ , can also favor the deformation-induced phase transformation from fcc to hcp phase. For example, the activation of such phase transformations has been found in conventional crystalline alloys with low SFEs, such as below 12~20 mJ.m -2 for Fe-Mn based alloys [50] , and below ~10-15 mJ.m -2 for Co-Ni-Cr-Mo alloys [49] . Theoretically, this relates to the fact that the fcc to hcp phase transformation is related to dissociation of perfect dislocation into Shockley partials [15, 51] as well as passage of one Shockley partial on every other close-packed atomic plane. In analogy to the twinning-induced strengthening effect, the deformation-induced hcp lamellae, as well as nanotwin-hcp lamellae, have been proposed to contribute to the higher strain hardening and tensile strength in the CrCoNi alloy when compared to the CrMnFeCoNi Cantor alloy [11] . The volume fraction of hcp structure increased with increasing plastic deformation; notably, the increase in the volume fraction of hcp structure at cryogenic temperature was much faster than at room temperature.
